We investigated the evolution of the male genitalia of species of Limnebius (Coleoptera, Hydraenidae). This genus is very homogeneous externally but characterized by highly diverse male genitalia, which are in some cases extraordinarily complex. We reconstructed a molecular phylogeny for 70 of the c. 150 known species of the genus with six fragments of mitochondrial and nuclear genes. We found two main lineages of Miocene origin, largely corresponding to the synonymized subgenera Bilimneus and Limnebius, which are here re-erected. Within the Holarctic Limnebius s.s. we found four well-supported lineages, although with poorly supported relationships between them: the L. piceus, L. gracilipes, L. parvulus and L. nitidus species groups. We describe the aedeagus and its different appendages in detail based on the study of 116 species, including serial histological sections to reconstruct the internal structure of seven of them. Using Bayesian methods we reconstructed the ancestral Limnebius as having small males (c. 1.2 AE 0.5 mm), with a small aedeagus (c. 0.4 AE 0.3 mm) with a free left paramere, probably an externally fused right paramere, and a possible additional appendage. The species of Bilimneus experienced a reduction in size and a simplification of their genitalia, without free parameres and with a very simple, homogenous structure. Within Limnebius s.s. several independent increases in male body and genital size took place, with a strong correlation as measured with independent contrasts. There was, however, no overall correlation between genital size and number of appendages, even though smaller genitalia tend to be less complex.
INTRODUCTION
Sexual organs are used for taxonomic purposes in different groups of organisms. In many cases, insects and species of other groups of arthropods can only be described or recognized by the shape of the male genitalia, as already pointed out by Sharp & Muir (1912) and Sturtevant (1920) . Differences in sexual organs are probably key factors in processes of speciation and species maintenance and recognition, while variability in other traits may be due to neutral geographical variation or local adaptations but not necessarily directly relevant in the context of speciation.
The structure and function of insect genital structures has been extensively studied in an evolutionary context (e.g. Mayr, 1963; Eberhard, 1985) . The stunning complexity in some groups has puzzled zoologists and taxonomists, and several hypotheses have been developed to explain their diversity, among them the lock-and-key mechanism, sexual conflict, cryptic female choice or male competition (for recent reviews see Hosken & Stockley, 2004; Masly, 2012) . There is some evidence supporting different hypotheses in particular systems, such as lock-and-key in groups of Lepidoptera (Mutanen & Kaitala, 2006) or Coleoptera (Sota & Kubota, 1998; Usami et al., *Corresponding author. E-mail: ignacio.ribera@ibe.upf-csic.es 2006), sperm competition in seed beetles (Hotzy & Arnqvist, 2011) , 'one-size-fits-all' in some insects and spiders (Eberhard et al., 1998; House & Simmons, 2005) , or sexual selection in preying mantis (Holwell et al., 2010) or Odonata (McPeek et al., 2010) . There is also evidence for the role of the shape of the male genitalia in species diversification (Sota & Tanabe, 2010) . Genital characters are regularly used in morphological matrixes for phylogenetic reconstruction, sometimes with special attention to their evolution (see, e.g., Lu, Jackman & Johnson, 1997; Fresneda, Salgado & Ribera, 2007; Sasakawa et al., 2008; Tarasov & Solodovnikov, 2011; Matsumura et al., 2014) . However, there is still a general lack of detailed studies on the evolution of the genitalia in speciose lineages. Most contributions are restricted to single species, or have a very limited taxon sampling.
The aim of the present study is to reconstruct the evolution of the male genitalia in a diverse group of aquatic Coleoptera, Limnebius Leach, a genus belonging to the family Hydraenidae (Staphylinoidea) . Whereas the external morphology of species of Limnebius is very uniform (Fig. 1) , they vary extremely in their male genitalia, ranging from a simple, oar-shaped median lobe without parameres to asymmetric complexes with up to seven folded and curved appendices (Perkins, 1980; J€ ach, 1993; Fig. 2) . The evolutionary origins of this complex pattern and the homology between different structures of the adeagus in different species of Limnebius are presently unknown.
We use a comprehensive molecular phylogeny of Limnebius to reconstruct the character evolution of the male genitalia. The shape and general structure is documented externally and also with histological serial sections of seven species representing different main types occurring in the genus. Our specific objectives were (1) to reconstruct the phylogenetic relationships between the species of the genus; (2) to describe the structure of the male genitalia with the use of histological serial sections; and (3) to trace the evolution of this structure through the phylogeny of the genus.
TAXONOMIC BACKGROUND ON THE GENUS LIMNEBIUS
Currently Limnebius includes c. 150 described species with a body length of 1-3 mm, distributed through all the continents with the exception of South America and Antarctica (Hansen, 1998 ; Table S1 ). The adults of all known species are aquatic, living in almost all types of continental waters with the only exception of saline habitats. Adults have a very uniform morphology, generally with an oval, drop-like body shape and a flat ventral side; a brownish to dark coloration, without well-defined marks or design; no marked body sculpture and no other conspicuous structural features (Perkins, 1980; J€ ach, 1993; Fig. 1) . This body shape is unique among Hydraenidae, and both morphological (Perkins, 1997; Beutel, Anton & J€ ach, 2003) and molecular data (Abell an Abell an et al., 2013) suggest that Limnebius is monophyletic. Its sister genus is considered to be Laeliaena J. Sahlberg, both forming the tribe Limnebiini. Laeliaena includes three species in the Himalayan region, and shares with Limnebius some characters of the head and the thorax, and a smooth dorsal habitus (Perkins, 1997; Beutel et al., 2003) .
The position of tribe Limnebiini within Hydraenidae is more controversial. It is currently placed within the subfamily Hydraeninae (Perkins, 1997; J€ ach, 2015) , but without phylogenetic evidence to support this. Its body shape differs in many respects from all other hydraenid genera, and it is also characterized by some derived features of the head (Beutel et al., 2003) . In a recent molecular phylogeny of Staphylinoidea (McKenna et al., 2015) Limnebius was placed as sister to the rest of the sampled Hydraenidae, including some representatives of Hydraena Kugelann and Ochthebius Leach, thus contradicting its placement in Hydraeninae. However, node support was minimal, and the sampling was again insufficient to evaluate thoroughly internal relationships within Hydraenidae. Due to the homogeneous morphology of the adults, the internal relationships within the genus Limnebius have been rarely addressed using morphological characters, and in these rare cases only based on the male genital morphology. The first systematic arrangement of the genus was proposed by d 'Orchymont (1938) with the creation of two subgenera: Limnebius sensu stricto (s.s.), characterized by the presence of at least one paramere (lateral lobe of the aedeagus), and Bilimneus Rey lacking parameres. J€ ach (1993) revised the Palaearctic species of the genus taxonomically, describing 16 new to science and defining species groups based on the male genitalia, but also on some male secondary sexual characters of the last abdominal ventrites. In the same work Bilimneus was synonymized, as some species -the L. mundus group, part of the L. atomus group (as defined in J€ ach, 1993) and the North American species (revised in Perkins, 1980 ) -may have retained vestigial external parameres and could not be clearly fitted in one of the two subgenera based on this criterion alone. J€ ach (1993) recognized six informal species groups among the Palaearctic species, three of them based on the presence and type of secondary sexual characters (L. truncatellus, L. parvulus and L. claviger groups), and three based on different characters of the male genitalia, mainly the number of the appendages and their characteristics (L. atomus, L. nitidus and L. mundus groups). In J€ ach (1993) a long appendage present in about half the species of Limnebius, usually in the position of the right paramere but not articulated with the median lobe (i.e. with the base fused), was interpreted as a novel structure, formed by the coalescence and fusion of a group of setae and named 'pseudoparamere' (Fig. 2) . However, the homology of this 'pseudoparamere' across different species groups was not well established. A dorsal appendage present in some species was interpreted as a process of the median lobe and not as a structure formed by coalescent setae (a3 in Fig. 2 ) (J€ ach, 1993) . The North American species were tentatively arranged phylogenetically in Perkins (1980) , based on external similarities of the aedeagus. However, a formal analysis was not performed.
No other works have dealt with the internal systematics of the genus Limnebius. Molecular data are only available for a limited number of species, used as outgroups for phylogenies of other genera of Hydraenidae or in a more general evolutionary context (Hernando, Aguilera & Ribera, 2008; Abell an & Ribera, 2011; Abell an et al., 2013; Trizzino et al., 2013; Mill an et al., 2014) . There is also very limited information on other aspects of the biology of the genus. Delgado & Soler (1997) described the larvae of a species of Limnebius for the first time in detail, L. cordobanus d'Orchymont. They noted their general resemblance to other species of the genus, examined but not described by the authors. The karyotypes of some species were studied by Angus & D ıaz-Pazos (1991) , which found an XO sex determination system (as in all known Hydraenidae). The species L. papposus Mulsant and L. furcatus Baudi di Selve had identical karyotypes, but different from that of L. truncatellus Thunberg in the X-chromosome (fitting with our phylogenetic results, see below). There are only general descriptions of the female sexual organs (e.g. Perkins, 1980) , but no systematic comparative studies. In this work we focus on the male genitalia, although some exploratory work (mostly with L. furcatus and L. fretalis Peyerimhoff) did not reveal any substantial structural difference between their female genitalia other than the degree of sclerotization of the spermatheca. Both species have a long, membranous tube between the spermatheca and the bursa copulatrix (as noted also by Perkins, 1980) , and multiple ovarioles.
MATERIAL AND METHODS

PHYLOGENY OF THE GENUS LIMNEBIUS
Taxon sampling
Preliminary results and published data (e.g. Abell an et al., 2013) clearly suggested the separation of the species of Limnebius into two main lineages, one with only Holarctic species, including those with the most complex male genitalia, and a second one with simpler genitalia, comprising all species occurring in the southern Hemisphere but also some northern ones. The taxonomic knowledge of the Ethiopian, Oriental and Australian species of the genus is very incomplete (J€ ach, 1993; Perkins, 2015) . As far as presently known, they are more homogenous both in body size (around 1 mm) and the structure of the male genitalia, always without clearly defined appendages. We thus focused on the species of the Holarctic lineage, obtaining sequence data of 50 of its 91 known species (one of them undescribed, Table S1 ). We included two specimens of a single species, L. cordobanus, to test its monophyly and phylogenetic position (see Results below). We also obtained a comprehensive representation of the mainly southern lineage, with 20 species (some of them still unidentified or undescribed) from different geographical regions, including the type species of Bilimneus (L. atomus (Duftschmid)) ( Table S1 ).
As noted above, the genus Limnebius has a particular morphology within the family Hydraenidae, and its inclusion in Hydraeninae (Perkins, 1997 ) is presently not supported phylogenetically, either by morphological or by molecular data. The taxon sampling of available molecular phylogenies (e.g. Abell an et al., 2013; McKenna et al., 2015) is insufficient to clearly resolve its relationships within the family. We therefore used a species of Laeliaena as outgroup. This genus is considered as sister to Limnebius based on multiple morphological synapomorphies (Hansen, 1991; J€ ach, 1993 , 1995 Perkins, 1997; Beutel et al., 2003) .
DNA extraction and sequencing
Specimens were collected in the field and directly preserved in absolute ethanol. DNA was extracted from entire specimens by a standard phenol-chloroform extraction or by commercial extraction kits (most commonly DNeasy Tissue Kit columns, Qiagen, Hilden, Germany), following the instructions of the manufacturers. Vouchers and DNA samples are kept in the collections of the Museo Nacional de Ciencias Naturales (MNCN, Madrid), and in the Institute of Evolutionary Biology (IBE, Barcelona). DNA extractions were non-destructive, to preserve voucher specimens for subsequent morphometric and morphological analyses. Usually only males were sequenced, and the male genitalia (used for the identification of the species) were dissected and mounted previous to the extraction to ensure correct identification.
We amplified and sequenced five fragments, three mitochondrial (5 0 end of the cytochrome c oxidase subunit 1 [cox1] -the barcode fragment, 3 0 end of cox1, and 3 0 end of large ribosomal unit plus the Leucine transfer plus the 5 0 end of NADH dehydrogenase subunit 1 [rrnL+trnL+nad1]), and two nuclear (small ribosomal unit [SSU] and large ribosomal unit [LSU]; see Table S2 for the primers used and  Table S3 for accession numbers). For some specimens the 3 0 end cox1 fragment was amplified using internal primers to obtain two smaller fragments of 400 bp each (Table S2) . Sequences were assembled and edited using Geneious v6 (Kearse et al., 2012) or Sequencher 4.7 (Gene Codes). A total of 218 new sequences have been deposited in GenBank (EMBL  accession  numbers  LN995192-LN995409,  see  Table S3 ).
Phylogenetic analyses
For the length-variable regions we used multiple pairwise comparisons using the online version of MAFFT v.6.8 and the G-INS-i algorithm (Katoh & Toh, 2008) . Phylogenetic analyses were conducted with Bayesian analyses in BEAST 1.8 (Drummond & Rambaut, 2007) , as these methods allow the use of a molecular-clock approach to estimate divergence times and to reconstruct the ancestral states of qualitative and quantitative characters. We also analysed the data with maximum likelihood as implemented in the online version of RAxML (Stamatakis, Hoover & Rougemont, 2008 ) with a GTR+G+I model and the same partitions as in the Bayesian analyses below, estimating node support with a fast bootstrapping. Bayesian analyses were conducted on a combined data matrix using three partitions, the mitochondrial protein coding genes (the two cox1 fragments plus nad1), the mitochondrial ribosomal genes (rrnL plus trnL) and the nuclear ribosomal genes (SSU plus LSU), with a Yule speciation process as the tree prior and an uncorrelated relaxed clock. Analyses were run for 100 million generations, ensuring that the number of generations after convergence was sufficient as assessed with Tracer v1.6 (Drummond & Rambaut, 2007) and after removal of the burn-in fraction. We ran two independent analyses and combined the results with the use of Logcombiner 1.8 and Treeanotator 1.8 (Drummond & Rambaut, 2007) .
Fossils to calibrate the phylogenetic tree are not available. Therefore, we used the rates estimated in Cieslak, Fresneda & Ribera (2014) for a related group (familiy Leiodidae, within the same superfamily Staphylinoidea, Beutel & Leschen, 2005; McKenna et al., 2015) and the same gene combination based on the tectonic separation of the Sardinian plate. We thus set as prior average mean rate a normal distribution with average 0.015 substitutions per site Myr À1 for the mitochondrial protein genes, 0.006 for the mitochondrial ribosomal genes and 0.004 for the nuclear ribosomal genes, all with a standard deviation of 0.001.
Morphological characters were reconstructed using Bayesian probabilities in BEAST 1.8 and parsimony in MESQUITE v.3 . We used quantitative variables for the size of the body and aedeagus and the total number of appendages, and qualitative for the presence or absence of each of the individual structures (see Results and Table S1 ). In BEAST we used a Brownian movement model of evolution for quantitative characters.
To place all known species of Limnebius in the main species groups and to test the sensitivity of our results to the inclusion of species for which no molecular data could be obtained, we placed missing species in the molecular phylogenetic tree in their most likely position according to their morphological features. We did not attempt a formal analysis of a morphological matrix to place these species, as this would obviously imply a strong circularity in the interpretation. However, a certain degree of circularity was unavoidable as genitalia basically provide the only reliable set of characters to identify and estimate the relationships between species of Limnebius. Some of the characters used to place species were, however, not referring to the male genitalia, such as geographical distribution (known to be of phylogenetic relevance in other Hydraenidae beetles, Ribera et al., 2010 Ribera et al., , 2011 Trizzino et al., 2011 Trizzino et al., , 2013 , or some secondary male sexual characters (see Results below). In general, only species with a strong and obvious overall resemblance in their male genitalia were placed as sisters in a well-resolved phylogenetic position; species without clear siblings were generally placed in a polytomy among those with similar aedeagal characteristics. Species with no molecular data were placed in the middle of the corresponding connecting branch.
To estimate the correlation between the size of the male genitalia, male body size and total number of appendages we used a regression of independent contrasts through the origin using the PDAP package in MESQUITE (Midford, Garland & Maddison, 2011) , using both the phylogenetic tree obtained with the molecular data only and the estimated phylogeny with all species included.
MORPHOLOGY OF THE AEDEAGUS
External morphology
We studied the morphology of the male genitalia of 116 of the 147 described species of Limnebius, plus four undescribed species and the three known species of Laeliaena as outgroups (Table S1 ). Missing species mostly include some for which only very few specimens are known and could not be accessed. Material was obtained mainly from the collections of the IBE, the Naturhistorisches Museum in Wien (NMW) and the Museum of Comparative Zoology in Harvard (MCZ), the last named for some Nearctic species.
Body length of adults was measured as the sum of the individual maximum lengths of pronotum and elytra, as the different position of the articulation between the two could alter the total length when measured together. Similarly, the head was not measured, as in many specimens it was partly concealed below the pronotum. Measures were obtained with stereoscope microscopes equipped with an ocular micrometer.
Aedeagi were dissected and mounted on transparent labels with dimethyl hydantoin formaldehyde (Steedman, 1958) , a water-soluble medium with good optical properties. Male genitalia were always photographed in the same standard positions, orientated according to the foramen in ventral and lateral views (Fig. 2) .
Measurements were directly obtained from the digital images using ImageJ v.1.49 (National Institutes of Health; http://imagej.nih.gov/ij/). We estimated experimental error by measuring the same specimen of three species on three different sessions, using two sets of images. For all analyses we used as a single value the average of each measure in all studied specimens of the same species (Table S1 ).
Histological serial sections
To improve the assessment of the origin of the different appendages we used serial transverse sections, which are also useful for reconstructing small internal structural details (e.g. Polilov & Beutel, 2009 ; Jałoszy nski, Matsumura & Beutel, 2015) . We analysed aedeagi of seven species of the main lineages within the Holarctic clade, according to preliminary results of the molecular and morphological data: L. truncatellus, L. maurus Balfour-Browne, L. nitiduloides Baudi di Selve, L. pilicauda Guillebeau, L. fretalis, L. cordobanus and L. furcatus (Table S4) .
Genitalia were dissected, cleaned and dehydrated prior to the inclusion in Araldite CY212 (Agar Scientific, Stansted, UK). They were sectioned at 1 lm (cross sections) using an HM 360 microtome (Microm, Thermo Fisher, Waltham, MA, USA) equipped with a diamond blade. Serial sections were stained with toluidine blue and pyronin G (Waldeck GmbH and Co.KG/Division Chroma, Munster, Germany). Sections were mounted on microscope slides and digitized using a transmitted light microscope (Zeiss Axioplan, Jena, Germany) equipped with a camera (PixeLink Capture OEM, Otawa, Canada) using an enlargement of 2009 or 4009 depending on the size of the genitalia. Images were cleaned and orientated with Gimp v.2 (available at http://www.gimp.org). Only a representative sample of the serial sections was illustrated but the described structures were traced through the whole series (Table S4) .
Scanning electron microscopy
We observed the aedeagus of some species with scanning electron microscopy (SEM) to complement the understanding of particular structures (see Results below). Genitalia were dissected from specimens preserved in absolute ethanol, glued to hair pins and coated with gold (Sputter Coater, Quorum Technologies, Lewes, UK). The micrographs were taken with an ESEM XL30 microscope (Philips, Amsterdam, the Netherlands) and Scandium FIVE software (Olympus, Tokyo, Japan).
RESULTS AND DISCUSSION
MOLECULAR PHYLOGENY OF LIMNEBIUS
Protein coding genes had no indels, and the length variation in ribosomal genes was limited to six nucleotid positions in the rrnL+trnL, 13 in the SSU (in the outgroup Laeliaena) and seven in the LSU fragments. The two BEAST runs converged without difficulties except for the estimation of the frequency of transversions involving guanine in the rrnL+trnL fragment, which was estimated to be zero in some trees due to their low frequency. This had, however, no effect on the topology (as tested with simpler evolutionary models, see reconstruction of morphological traits below). We applied a conservative burn-in fraction of 10%, ensuring that enough trees were sampled, and combined the two runs to obtain a single tree.
Results with RAxML and BEAST were very similar, and all well-supported clades were shared between the two methods (Fig. 3) . The monophyly of Limnebius was strongly supported, as well as its separation into two clades, mostly corresponding to the former subgenera Bilimneus and Limnebius s.s. (see Introduction), which are here resurrected as valid subgenera (see a checklist of the known species in Table S1 ). Within Bilimneus there were four well-supported subclades with a loose geographical structure ( Fig. 3) (the incomplete sampling prevented considering these subclades as species groups, as it was not possible to confidently assign missing species to any of them): B1, including mostly species from the Oriental region, but also from Madagascar and with one western Palaearctic species (L. atomus, the type species of Bilimneus); B2, including mostly Mediterranean species, but also a South African representative; B3, including species from the Arabian Peninsula with one extending over the entire Mediterranean (L. myrmidon Rey); and B4, also with species mostly occurring in the Oriental region, including also the only described Australian species (L. acupunctus Perkins, 2004 
.4 L. truncatellus and L4.5 L. nitidus subgroups. Within the L. nitidus subgroup there were a series of isolated species with poorly resolved relationships among them, with the only exception of a complex of very closely related species with a similar aedeagal structure, the L. nitidus complex (the L. nitidus subgroup sensu J€ ach, 1993; see also Fresneda & Ribera, 1998) . Note that two of the clades have been named after species not included in the molecular phylogeny (L. mundus Baudi di Selve and L. punctatus Wollaston), as these are the earliest described species that can be confidently placed in their respective clades according to the morphology of their aedeagus (see below).
Of all the recognized clades, only the L. nitidus subgroup (clade L4.5) had weak support, and was not recovered in the RAxML analyses. This may have been due to the inclusion of the isolated L. murentius d'Orchymont, of which we could only obtain two of the genes (cox1 and LSU, Table S3 ). We repeated the analyses with the same settings but excluding L. murentius to test its effect on the topology and support of the phylogenetic tree. The support for the L. nitidus group (clade L4) increased to a bootstrap value (BT) of 93% in RAxML and a posterior probability (pp) of 1 in BEAST. The L. nitidus subgroup (clade L4.5) was recovered as monophyletic with both methods although still with low support (BT < 50% in RAxML, pp = 0.9 in BEAST, Fig. S1 ). In both cases the clade formed by the L. truncatellus and L. nitidus subgroups (clades L4.4 and L4.5) was strongly supported (BT = 86%, pp = 1, Fig. S1 ).
In general, there was a good agreement between our results and the species groups proposed by J€ ach (1993) based mostly on the general appearance of the aedeagus and some secondary sexual characters. Thus, Bilimneus corresponds to the L. atomus group of J€ ach (1993), which is characterized by the absence of externally visible parameres or appendages of the aedeagus (with the possible exception of some short subapical appendages found in some species, which may correspond to the right paramere, see below), small body size (below 1.3 mm), dark brownish body colour, body surface impunctate and absence of secondary sexual characters. However, none of these features is restricted to species of Bilimneus. As defined here, a potential unambiguous autapomorphy of the subgenus is the position in the middle to apical region of the median lobe of a cavity (the 'capsule ' of J€ ach, 1993) , and the lack of coils in the flagellum (with the only possible exception of L. feuerborni d'Orchymont, see below) ( Fig. 2) . The shape and some features of the venation of the hind wings, and the presence of a strongly sclerotized sperm pump in the species of Bilimneus, seem also to support the separation of the two subgenera unambiguously (A. Rudoy & I. Ribera, unpubl. data) .
The L. parvulus group and its two subgroups agree with those defined in J€ ach (1993) to include species with a fringe of long setae on the male sternite VIII. The L. nitidus group as recognized here includes the L. nitidus, L. mundus and L. truncatellus groups of J€ ach (1993) (defined for species with an apical protuberance in the male sternite VIII), with the exclusion of L. aluta Bedel and L. lusitanus Balfour-Browne (found to be sister to the L. parvulus subgroup) and L. cordobanus (found here to be sister to L. gracilipes Wollaston and related species, our L. gracilipes group). A particular case is that of L. kocheri Balfour-Browne, included in the L. truncatellus group by J€ ach (1993) due to the presence of a protuberance in the male sternite VIII, although the similarity of the aedeagus of L. kocheri with that of the species of the L. nitidus group was recognized. According to our molecular data this species belongs to the L. nitidus group (Fig. 3 ), in agreement with the structure of the aedeagus and rendering the similarity of the secondary sexual characters of the male homoplasic.
According to the a-priori rates used in the calibration of the divergence times, the stem age of Limnebius was estimated at c. 35 AE 9 Ma (Late Eocene), and the age of the crown group at c. 27 AE 6 Ma (Early Miocene, Fig. 3 ). All the clades defined above were estimated to be of Miocene origin, with the only exception of the L. nitidus complex with a very recent, Pleistocene origin. 
STRUCTURE OF THE AEDEAGUS IN THE SPECIES OF
LAELIAENA AND LIMNEBIUS
Parameres
The general structure of the aedeagus in Coleoptera (see, e.g., Beutel & Lawrence, 2005) can still be recognized in Limnebiini, although it is usually highly modified. The basal piece (phallobase) is fused with the median lobe (penis), and the parameres (lateral lobes) are also partially or completely fused with them. In all species with serially sectioned specimens the bases of the two parameres were clearly recognizable as separate cavities, generally symmetrical, on both sides of a central structure corresponding to the median lobe . In all studied species the lumen of the base of the parameres is connected to the foramen (see below; see also e.g. Figs 10:12-13, 6:17, 8:16). In Laeliaena both parameres are fused with the median lobe, although they are still externally recognizable, and both have free apices always bearing setae (J€ ach, 1995; Fig. S2:1-3) . In most species of Limnebius the right paramere is completely fused with the median lobe and cannot be externally identified (we follow J€ ach, 1993 in the orientation of the aedeagus). In species with serially sectioned specimens the lumen of the right paramere could only be clearly identified at the base of the aedeagus. In most studied species the lumen of the right paramere fuses completely with that of the median lobe shortly after the base (e.g. Figs 4:13, 5:10, 10:9). Externally, it can only be recognized as a small apical appendage in some species of Bilimneus (e.g. L. boukali J€ ach or, to a lesser degree, L. rufipennis R egimbart, Fig. S2:11,51 ). In the species of the L. parvulus group the fusion of the cuticle of the right paramere with that of the median lobe is almost complete, but there is an appendage on the right side of the median lobe immediately above the fused area that could be interpreted as the apical part of the right paramere. Due to the lack of setae or visible pores on this appendage (as observed with SEM in L. stagnalis Guillebeau, Fig. 11 ) we have not considered it as a visible right paramere, in agreement with J€ ach (1993) . However, the homology of this structure remains uncertain (see 'Additional appendages' below; Figs 6:9,10, 11). Other species have also an appendage on the right side of the aedeagus (e.g. L. fretalis and L. nitiduloides, Figs 7, 8; also present, but less apparent, in L. ferroi J€ ach or L. mesatlanticus Th ery, Fig. S2:77,127 ). However, due to the complete fusion of the right paramere with the cuticle of the median lobe below the origin of this appendage (in species with serial sections) and its different anatomical position, the interpretation of these appendages as a possible continuation of the right paramere is less convincing. In some species a group of setae is present on the right side of the apical part of the median lobe (J€ ach, 1993) , but the homology with a true right paramere remains also uncertain.
In clear contrast, the distal part of the left paramere is still recognizable in most species of Limnebius s.s. Its shape can vary from relatively long and curved, covering most of the dorsal part of the aedeagus (as in e.g. the species of the L. parvulus group; Fig. 11 ) to short and straight (as in e.g. the species of the L. nitidus group) (Figs 2, 4-10). Even when the left paramere is partially fused with the median lobe (e.g. in the L. piceus group, Perkins, 1980; Fig. S2:145,149,158) or even completely (as in species of the L. mundus group), there is still a recognizable group of setae inserted on the apical or subapical region of the entire structure, suggesting the inclusion of a remnant of a paramere (as shown with serial sections, see below). In the species of Bilimneus, also with a completely fused left paramere, there are also always some setae on the left side of the median lobe. They probably correspond to the apex of the paramere (J€ ach, 1993) .
The middle region of the left paramere can also be partly fused with the median lobe, with the two lumina only separated by a thin layer of cuticle in some species (e.g. L. fretalis, Fig. 7 :8-11, or L. nitiduloides, Fig. 8:13 ). In the studied species of the L. punctatus and L. truncatellus subgroups the cuticle of the left paramere simply fuses with that of the median lobe ( Fig. 9:9) , while in the L. nitiduloides subgroup the cuticle of the paramere is connected with that of the median lobe in a more complex form ( Fig. 8:12 ).
Ejaculatory duct ('flagellum') A strongly sclerotized 'flagellum' is present in all species of Limnebini. In Limnebius s.s. it is coiled within a cavity at the base of the median lobe (the 'basal capsule', see below) (Perkins, 1980; J€ ach, 1993 , 1995 . In species of the L. parvulus subgroup (Fig. 4 ; Fig. S2 :132,141) this basal capsule is very distinct, with multiple loops of the flagellum in its interior. The flagellum can be partly fused with the upper . Histological serial sections of the aedeagus of L. furcatus. a1, additional principal ventral appendage; a2, additional secondary ventral appendage; a3, additional dorsal appendage; a-a1 to a-a3, bifurcating appendage of a1 to a3; a-ml, appendage of the median lobe; aa, apical appendage of the median lobe; b, base; bc, basal capsule; bf, basal foramen; cm, connecting membrane; con, connection; fge, flagellum entrance; fgo, flagellum opening; fu, fused; lp, left paramere; ml, median lobe; op, open; rp, right paramere; s, setae. Green, flagellum and related structures; brown, median lobe; orange, parameres; red, additional appendages. The flagellum exits the median lobe through an opening usually located in its apical third, in some cases forming a small channel (Fig. 4:5) . In some species the opening is surrounded by or near to a group of setae (e.g. L. parvulus group, Fig. 4:5) , or it is located on a small prominence of the median lobe (in the L. truncatellus and L. punctatus subgroups, Figs 6:3-5, 9:3,4). In the L. nitiduloides subgroup the relative position of the flagellum opening is less apical, without any special prominence, but associated with different structures. Thus, in L. nitiduloides it is dorsal and with a lamina (Fig. 8:3) , while in L. fretalis it is small and placed inside a special fold of the median lobe (Fig. 7:4) . In the species of Bilimneus the flagellum opening is always nearly apical, without any well-defined structure of the median lobe beyond it.
The flagellum is normally retracted inside the aedeagus and only rarely seen extended. Perkins (1980) noted that among more than 1000 studied specimens only one had it extended (in L. ozapalachicus Perkins, fig. 75F in Perkins, 1980) . Even though the holotype of L. endroedyi Perkins is depicted with an everted flagellum in Perkins (2015) , it is noted that the usual condition of the species is with this structure retracted. J€ ach (1993) also noted that among all the material he studied only one specimen had an extended flagellum, in the species L. kweichowensis Pu (see fig. 19b in J€ ach, 1993). In Ferro (1989) L. cuspidatus Ferro (currently a synonymy of L. atomus, J€ ach, 1993) is illustrated with an everted flagellum, which was interpreted as a filiform paramere by the author. Among all the material examined we found only one specimen of L. hieronymi Vorst with extended flagellum (Fig. S2:104) . Among the species newly described from South Africa by Perkins (2015) one, L. masculinus Perkins, seems to have a permanently everted apex of the flagellum. However, as noted by the author, the homology of this exposed structure with the internal flagellum is not well established.
In all species with histological sections the flagellum can be distinguished as a tubular structure, hollow and well sclerotized, with sometimes some undifferentiated cells or tissue in its interior (e.g. Figs 6:17, 9:11). The function of the flagellum is thus likely to transfer sperm during the copula, i.e. it can be considered an ejaculatory duct, similar to that found in other beetle groups (e.g. Rodr ıguez, Windsor & Eberhard, 2004) . It does not seem to be a mechanical aid for the copula, as can be the case in other groups of Coleoptera with similar structures (e.g. Scydmaeninae, Jałoszy nski et al., 2015). Presently there are no data on the mechanics of the copula in Limnebius, and the mechanism by which the flagellum is everted is unknown. Perkins (1980) noted that Limnebius females have a long tube between the bursa copulatrix and the spermatheca, which agrees with our observations (see above). This could suggest that at least a part of the flagellum is inserted in the female genital track during the copula.
Median lobe
The median lobe is asymmetrical in all species of Laeliaena and Limnebius. In most species of Bilimneus it is either straight or tends to be curved to the left, while in most species of Limnebius s.s. it tends to be curved to the right (as in e.g. the L. nitidus subgroup). However, there are exceptions in both lineages ( Fig. 2; Fig. S2:77,78,106) .
In all species of Limnebius a spherical or oval hollow capsule is present inside the median lobe. This capsule is basal and the flagellum coiled inside in species of Limnebius s.s. (the 'basal capsule'). In contrast, it is placed medially or apically in the species of Bilimneus, with a different shape and with an uncoiled flagellum (Fig. 2) . In L. feuerborni (included in the clade B1 of Bilimneus, Fig. 3 ) the main cavity of the median lobe is larger and in a more basal position within the median lobe than in all other species of Bilimneus (d 'Orchymont, 1932; Fig. S2:27) . However, it has a different structure than in species of Limnebius s.s. and does not reach the base of the aedeagus.
The basal capsule is usually strongly sclerotized in the species of Limnebius s.s. (e.g. Figs 2, 9) . In some species the upper part of the basal capsule can be flattened, divided by thin cuticular walls (as in e.g. some of the species with the most complex aedeagus of the L. nitidus group, Figs 7:10, 9:9) or even subdivided completely (e.g. in L. nitiduloides, Fig. 8:12) .
In the distal part of the median lobe, above the capsule, the lumina of the parameres are usually totally (as in e.g. L. furcatus, Fig. 4 :12,13) or at least partially fused with the lumen of the median lobe. The lumen of the right paramere is separated from that of the median lobe by thin cuticular walls in some species, with a poorly defined structure (e.g. L. pilicauda, Fig. 6 :10). Usually its distal part is completely fused with the cuticle of the median lobe (e.g. L. fretalis, Fig. 7 :9,10, or other species of the L. nitidus group, Figs 10:9, 8:12). It is thus uncertain whether the appendages or other structures originating from the walls of this cavity are homologous with the right paramere (see above). Regardless, we use the presence of the flagellum to identify the central cavity resulting from the complete fusion of the med- ian lobe and the right paramere. There are some differences in the anatomical position of this fused right paramere + median lobe among the lineages of Limnebius s.s. In the L. parvulus group (represented by L. furcatus) it lies on the right side of the aedeagus, which is strongly flattened dorsoventrally and constricted in the central region (Fig. 4:13,14) . In other groups it is placed in a more central position (e.g. L. nitidus group, Fig. S2:81,96) .
The apical part of the median lobe, beyond the opening of the flagellum, extends and forms different structures in most species of Limnebius s.s. In some species (as in e.g. L. papposus or L. doderoi Gridelli within the L. parvulus group, Fig. S2 :33,90) they are large and cover most of the apex of the aedeagus, but in others (mostly within the L. nitidus group) they are thin and more lateral (e.g. L. truncatellus, Figs 2, 9). In species of Bilimneus the apex of the aedeagus is usually simple, although in some the apical part can have some hook-like small appendages (e.g. 
Basal foramen
In all species of Limnebiini, as in other genera of Hydraenidae, the ejaculatory duct enters the aedeagus through a ventral opening at the base, the basal foramen (the 'median foramen' of Sharp & Muir, 1912) . The structure of the basal foramen is very conserved, with a strongly sclerotized ring with a peg-like structure in the distal part and a basal pointed projection (J€ ach, 1993; Fig. 2 ). The conservation of this structure also affects the base of the parameres, the lumina of which open into the foramen in all studied species (see above). The only variation refers to its general shape: in Laeliaena and most species of Bilimneus the foramen is oval or somewhat triangular (with some exceptions, e.g. L. pararabicus J€ ach & Delgado, L. rufipennis or L. taiwanensis J€ ach), whereas it is round in most species of Limnebius s.s. (with the exception of some species of the L. mundus group, see below) (Table S1 , Fig. S2 ).
The relative position of the foramen varies with the shape of the base of the aedeagus; in species with a well-developed capsule (e.g. within the L. parvulus group, Figs 4, 11) it is more lateral and in a more distal position, while in species with a straight base (e.g. some species of Bilimneus, Fig. 2A ) it is almost at the base of the aedeagus.
Additional appendages
Additional appendages of the aedeagus are present in many species of Limnebius s.s., resulting in the highly complex male genitalia typical for the genus (J€ ach, 1993) . These appendages can be distinguished based on their position on the ventral or dorsal side and on their origin. In the species with the most complex aedeagus they may have secondary subdivisions. One or two main ventral appendages can occur (a1 and a2, corresponding in most cases to appendages A and B in J€ ach, 1993), and one dorsal (a3, corresponding to appendage C in J€ ach, 1993). All of them can be subdivided. In most cases we have identified these appendages based on their position but also on structural features. However, the homology between appendages of different groups of Limnebius remain uncertain. In some species they may represent vestiges of the right paramere.
Appendage a1 is present in all species included in the L. gracilipes group and in most species of the L. nitidus group (except for the species of the L. mundus subgroup and some within the L. nitidus subgroup, Table S1 ). In almost all studied species appendage a1 has multiple internal channels (see e.g. the base of a1 in L. nitiduloides, Fig. 8:8-14) , with the only exception of L. fretalis, in which the channels fuse in a single lumen just after the base ( Fig. 7:2-14) . Appendage a2 usually has a single internal cavity, although in L. nitiduloides the apical part shows a complex shape with multiple folds and cavities ( Fig. 8:3-7) .
In the species of the L. nitidus subgroup appendage a1 forms the 'pseudoparamere' described by J€ ach (1993). Its elongate shape and general appearance led some authors to consider it as the right paramere, but histological sections show that this is not the case. This is in agreement with J€ ach (1993), who based his interpretation mostly on the lack of setae or micropores, which are always present in true parameres. With our data it is not possible to test if this appendage was formed by fusion of setae, as suggested by J€ ach (1993) . However, the fact that in some species the appendage may be hollow for most of its length suggests that it may have originated as an extension of the cuticle, as it probably happened with other additional appendages. The similarities in the internal structure and the connection with the median lobe of the 'pseudoparamere' of the L. nitidus subgroup with the a1 of other studied species of the L. nitidus group (in particular L. truncatellus and L. pilicauda, Figs 6, 9) support this interpretation. The 'pseudoparamere' may be functionally analogous to the right paramere in other species of Coleoptera, as it is placed in the same position and has a similar elongated structure. However, the function of the parameres (and other appendages) in Limnebius remains unclear.
The lumen of appendage a1 is always connected at some point to the central cavity of the median lobe, either by fusion of the cuticles (as in e.g. L. cordobanus, Fig. 4:9) or through an area with abundant small channels, as for instance in L. fretalis (Fig. 7:10 ) or L. nitiduloides (Fig. 8:11 ). In the species with small channels, apical to the area connected to the central cavity of the median lobe the cuticle of a1 tightly merges with that of the median lobe (Fig. 8:12 ). In the species of the L. parvulus subgroup an appendage originates from the area where the right paramere fuses with the median lobe (see 'Parameres' above). In J€ ach (1993) this is interpreted as a homologue of the ventral appendage a1 (his appendage A) in other species. Although its position and the internal structure are similar to that of a1 in the species of the L. nitidus group, the histological sections of L. furcatus show that this appendage probably formed as an extension of the cuticle of the median lobe (Figs 4:8-11, 11 ). An additional fold of the dorsal part of the median lobe is present in some species of the L. parvulus subgroup. This is apparently not an appendage, as its cuticle remains fused to the median lobe over its entire length (Fig. 4:7-12) .
The secondary ventral appendage (a2) is usually shorter and less curved than a1, without any specific modifications. In most cases it is located more laterally, with the base very close to that of the left paramere, or even surrounded by it in some species (e.g. Fig. 8:12-15) . Appendage a2 only occurs if a1 is also present, in the L. nitiduloides, L. punctatus and L. truncatellus subgroups and in some species of the L. gracilipes group (Table S1 ).
The lower part of both ventral appendages is usually enclosed in a deep groove of the median lobe, formed by the base of the parameres and the median lobe itself. This groove is most distinct in the L. nitiduloides subgroup, where ventral appendages are very strongly developed (8) (9) (10) (11) (12) (13) . In other species, such as those of the L. punctatus and L. truncatellus subgroups, the base of the parameres does not encircle a2, but only forms a widely open concavity (Figs 6:10, (9) (10) (11) .
In some species a1 and a2 intersect, as in L. pilicauda and others within the L. punctatus subgroup (Fig. 6) . In these cases, a1 occupies a more central position on the aedeagus. Both a1 and a2 can form different structural types in the apical region, from short flap-like expansions of the cuticle (e.g. L. cordobanus, Fig. 4 ) to long pectinated extensions (e.g. L. truncatellus, Fig. 9 ).
The dorsal appendage a3 is present in all species of the L. truncatellus, L. punctatus and L. nitiduloides subgroups, and in some species of the L. gracilipes group (Table S1 ). Its structure is similar to that of a1, although its base is different from both a1 and a2: it originates as a flat, thin extension of the dorsal side of the median lobe, actually forming its dorsal wall in the basal and middle regions [9] [10] [11] [12] . In most studied species the lumen of a3 is clearly visible. In L. pilicauda (and probably in other species of the L. punctatus subgroup, clade L4.2) the lumen is very narrow due to the dorsoventral flattening 12) . In L. truncatellus it is reduced to a narrow channel due to the strong sclerotization and subdivision of the appendage (Fig. 9:5,6 ). In L. pilicauda a3 is cylindrical at its base. It originates simply as an extension of the median lobe and flattens only in the apical region (Fig. 6) , in contrast to the usual shape in all other species (base flattened and apex cylindrical). In L. mucronatus Baudi di Selve, also within the L. punctatus subgroup (Fig. 3) , a3 is only visible as a short flap-like structure on the dorsal side of the aedeagus, superficially resembling a short paramere (Fig. 12) . In the L. truncatellus subgroup the distal region of a3 is divided to form three separate subappendages ( Fig. 9 :5), two with a similar, flattened shape ( Fig. 9 :5,6) and a cylindrical one that extends to the apex of the aedeagus (Fig. 9:1) .
The different types of connection of a3 with the median lobe suggest that it was formed independently in several lineages. It is central in the L. nitiduloides subgroup (Fig. 8:14,15) , inserted on the left side in the L. truncatellus subgroup (Fig. 9:11,12) , which is also characterized by a longitudinally subdivided apex, and of a less complex structure in the L. punctatus subgroup, where it lacks additional structures (Figs 6:10, 11). Its presence seems to be strongly correlated with that of a2: of the 23 species of Limnebius with a2, only two lack a3 (both within the L. gracilipes group, Table S1 ).
ESTIMATION OF THE RELATIONSHIPS OF SPECIES
WITHOUT MOLECULAR DATA Most of the species for which no molecular data were available had male genitalia strongly resembling those of other species included in the phylogeny. This allowed their unambiguous placement as sister group to a single species or, in some cases, in a polytomy formed by a small number of species (Figs S2, S3) .
The three species of Laeliaena (J€ ach, 1995) were placed in an unresolved clade as sister to Limnebius. Within Bilimneus, L. arabicus Balfour-Browne was placed in an unresolved clade with L. pararabicus and L. dioscoridius J€ ach & Delgado (J€ ach & Delgado, 2012) , and L. nanus J€ ach as sister to L. evanescens Kiesenwetter (J€ ach, 1993) . Within the L. parvulus subgroup (clade L2.2), L. gridellii Pretner was placed in an unresolved clade with L. furcatus and L. doderoi (J€ ach, 1993) , and L. shatrovskiyi J€ ach and L. glabriventris Shatrovskiy in an unresolved clade with the widespread L. parvulus Herbst, with which they are parapatric (J€ ach, 1993) . Within the L. gracilipes group, L. canariensis d'Orchymont was placed as sister to L. gracilipes (d'Orchymont, 1940) , with a very similar aedeagus and both endemic to the Canary Islands (J€ ach, 1993) ; and L. paganettii Ganglbauer as sister to L. fallaciosus Ganglbauer, with the same general structure of the appendages. Within the L. punctatus subgroup (clade L4.2) L. punctatus and L. similis Wollaston where placed as unresolved, both displaying the same general structure of the aedeagus as for other species of the group (J€ ach, 1993) The affinities of other species were more uncertain, without close similarities but with some characters linking them to a larger number of species. The two Turkish species L. claviger J€ ach and L. setifer Iablokoff-Khnzorian seem very close to each other (J€ ach & Skale, 2011; Fig. S2:142,143) . Their aedeagus is similar to that of other species of the L. parvulus subgroup (clade L2.2), with which they share the presence of a large and well-sclerotized basal capsule with a constriction in the distal part. In J€ ach (1993) L. claviger was placed in its own species group, noting that the male ventrite VI had no protuberance (in contrast to the species of the L. truncatellus group) but a depression flanked by ridges. In J€ ach & Skale (2011) L. setifer is shown to share the same sexual dimorphism (mentioned also in the original description, Iablokoff-Khnzorian, 1962 ) and aedeagus structure with L. claviger. We conservatively placed L. claviger and L. setifer in a polytomy at the base of the L. parvulus group (Fig. S3) , although the size and complexity of their male genitalia may indicate a closer relationship with the species of the L. parvulus subgroup.
With the L. nitiduloides subgroup (clade L4.3), L. simulans d'Orchymont shares a similar structure of the apex of the main ventral appendage a1 with L. crassipes Kuwert and L. schoenmanni J€ ach, but the structure of the left paramere is similar to the condition in L. levantinus J€ ach and L. spinosus J€ ach (J€ ach, 1993; Fig. S2:92,97) . It was thus placed in a basal polytomy within the clade, leaving five main lineages within the subgroup (Fig. S3) .
The species L. grandicollis Wollaston, L. nitigeus d'Orchymont and L. graecus J€ ach share many of the characters of the L. nitidus subgroup, particularly L. grandicollis (the other two are characterized by a somewhat deviating apical part of the median lobe, Fig. S2:102,108) . However, they cannot be reliably placed as sister to any of the species (J€ ach, 1993) . We thus collapsed the basal nodes within this group (which was poorly supported in any case), and placed these species in the resulting polytomy (Fig. S3) .
The highest proportion of species without molecular data was concentrated in three lineages: Bilimneus, the Nearctic L. piceus group sensu Perkins (1980) , and the L. mundus group sensu J€ ach (1993). Within Bilimneus we tried to include a sample of species with different types of aedeagus and from different regions. The affinities of the species are in general uncertain due to the general simple structure of the aedeagus. Consequently, we either placed them as unresolved or followed a geographical criterion. Regardless, the simplicity of the aedeagus makes the precise position irrelevant in the context of the evolution of the genitalia, as most species display the same basic structural features (Table S1 , Fig. S2 ).
All Nearctic species form a monophyletic lineage according to Perkins (1980) , based on the presence of a group of two setae on the median lobe of the aedeagus considered as vestiges of the fused left paramere. We followed his phylogenetic hypothesis with the exception of a closer relationship of L. arenicolus Perkins to L. sinuatus (Sharp) , instead of to L. piceus (Horn), following the results of the molecular data, and collapsing some of the nodes for which affinities were uncertain.
J€ ach (1993) defined the L. mundus group for some species with a main eastern Mediterranean distribution and a very simple aedeagus, without visible parameres. However, some subapical setae present in all species (usually four) may represent a vestigial external left paramere (as in the L. piceus group, see above). We follow the definition of this group, for which molecular data are only available for a single species (L. murentius, Table S1 ). We tentatively include the Himalayan L. nigritus Balfour-Browne in this group, which is somewhat similar to L. kaszabi Chiesa from Afghanistan. It shares the complete external fusion of the left paramere with the median lobe with the other species of the group, and also the structure of the basal capsule and the apical part of the median lobe (Fig. S2:83) . Although BalfourBrowne (1956) included this species in the subgenus Bilimneus based on the lack of visible parameres, he noted in the description the different structure of the aedeagus, as well as the larger size of the specimens, darker colour and the punctured dorsal surface (all features typical of Limnebius s.s., see above). The L. mundus group includes the only species of Limnebius s.s. with an oval or roughly triangular basal foramen (e.g. L. murentius, Fig. S2:82) . Species with an oval or triangular basal foramen also tend to have a more straight median lobe of the aedeagus. However, without additional data it is not possible to distinguish well-defined clades within the group, with the exception of the close relationship between L. murentius and L. attalensis J€ ach (J€ ach, 1993; Figs S2, S3) .
EVOLUTION OF THE AEDEAGUS
We used the molecular phylogeny to reconstruct the evolution of the aedeagus in Limnebius, including its size, the presence or absence of externally visible parameres, and the number and type of additional appendages. To improve statistical convergence in BEAST we used an HKY+G model of evolution for the ribosomal genes, keeping the same partitions as in the BEAST and RAxML analyses above. The resulting topology maintained the same wellsupported nodes, with variation only in weakly supported clades (e.g. the internal topology of the L. nitidus groups, Figs 11-13).
Evolution of the size of the male body and the aedeagus The reconstructed ancestral Limnebius was small (c. 1.2 AE 0.5 mm; Fig. 11) , with a small (c. 0.4 AE 0.3 mm; Fig. 12 ), simple aedeagus with an externally visible separate left paramere. Ptiliidae, the sister group of Hydraenidae (Hunt et al., 2007; McKenna et al., 2015) , also includes very small beetles (most of them between 0.5 and 1.5 mm), often with an oval body shape, and in many cases a simple aedeagus (Hall, 2005) . McKenna et al. (2015) placed Limnebius (with low support) as sister to the rest of the sampled Hydraenidae. This opens the possibility that small size, simple genitalia and oval body shape may be ancestral for the whole family Hydraenidae, although the largely unclarified internal relationships in Hydraenidae and Ptiliidae preclude any robust conclusions.
There was a strong positive correlation between adult male size and aedeagus size, both measured with independent contrasts (regression through the origin using the topology of Fig. 3 , r = 0.49, n = 66, P < 0.0001) or with the reconstructed values at all nodes in the phylogeny (r = 0.93, n = 142, P < 0.0001 in the reconstructed topology in Figs 13, 14) . This correlation increased when the tree with all species was used (regression through the origin using the topology of Fig. S3 , r = 0.66, n = 118, P < 0.0001; Fig. 15A ). Changes of the largest magnitude mostly occurred among the terminals in the phylogeny, such as a strong increase in the aedeagus at the origin of Male body size showed little change through the basal diversification of the subgenus. Body size is very homogenous in the species of Bilimneus, ranging from 0.76 mm in L. arabicus to c. 1 mm in some Himalayan species (Table S1 ). Although the incomplete sampling does not allow a definitive conclusion, the phylogeny does not show any clear trend of size variation among lineages within the subgenus (Fig. 13) . By contrast, there seems to be a small but consistent reduction in aedeagus size in the lineage including clades B3 and B4 (mainly species from the Middle East, Oriental and Australian regions), with the single exception of L. wewalkai J€ ach & Delgado ( Fig. 14; Table S1 ).
Within Limnebius s.s. body size of males increased substantially in several non-related lineages. A decrease in size also occurred but in fewer groups, and always to a lesser extent. There was a consistent trend of increase of male size in the L. parvulus subgroup, and in two of the subgroups of the L. nitidus group: the L. truncatellus and L. nitiduloides subgroups. The resolution at the base of the L. nitidus group had no support (Fig. 3) . However, if these two subgroups form a single lineage (as reconstructed in Fig. 11 ) this would imply a single origin of the increase in size within the L. nitidus group. Similarly, depending on the phylogenetic placement of the clade formed by the species L. claviger and L. setifer (without molecular data), one or two independent size increases could have occurred within the L. parvulus group (Fig. S3) .
The strongest decrease in male size was found in an isolated species, L. cordobanus, but there were also decreases in size in the L. aluta and L. nitidus subgroups, and in the L. mundus subgroup, provided that it does not form a clade with the L. nitidus subgroup (as in the topology in Fig. 3 ). When an increase in male size occurred in a lineage this was very consistent, with all included known species becoming significantly larger than any of the species in other groups. This trend has resulted in a clearly bimodal size distribution of the males of Limnebius, with large species measuring more than 1.8 mm and small ones less than 1.5 (Table S1 ). Only two species within the L. gracilipes group, the lineage with the highest size variation, had intermediate male sizes (L. paganettii and L. canariensis; Table S1 ).
Appendages
The length of the genitalia was not significantly correlated with the total number of appendages (including subdivisions of the main additional appendages a1 to a3). Results were the same both with independent contrasts using only the species with molecular data (regression through the origin using the topology of Fig. 3 , r = 0.04, n = 66, P > 0.7) or the tree with all species (regression through the origin using the topology of Fig. S3 , r = À0.06, n = 118, P > 0.5; Fig. 15B ). Although the smallest genitalia always had a low number of appendages, there were some relatively small species with rather complex genitalia, as for instance in the L. nitidus or L. punctatus subgroups (Fig. 16) .
The ancestral aedeagus of Limnebius was reconstructed as a relatively simple structure, with a median lobe and an externally visible left paramere. The presence or absence of an additional appendage remained ambiguous (Fig. 16 ). There are no data on the phylogenetic placement of L. boukali or other species of Bilimneus with a possible free apex of the right paramere. However, if they are derived within the subgenus, this would imply the complete fusion of the right paramere in the ancestor of Bilimneus, with a secondary re-formation of the free paramere in some species. Alternatively, these species could be sister to the rest of Bilimneus. This would imply that the presence of a free right parameral apex may be ancestral for the subgenus -and even for the entire genus Limnebius, if the appendage on the right side of the median lobe of species of the L. parvulus subgroup is indeed homologous to the apex of the right paramere (see above).
The reconstructed groundplan of Limnebius s.s. includes at least a free left paramere and an additional appendage. The uncertainty in the relationships of the four main lineages within the subgenus did not allow a precise reconstruction. The position of the only studied species of the L. mundus group (L. murentius), characterized by the complete fusion of the left paramere, is particularly uncertain due to the small number of sequences obtained (Table S1 ). With the available data it was placed within the L. nitidus group with strong support, but in some analyses it was placed as sister to the rest of Limnebius s.s., which could imply an ancestral condition with a fused left paramere and its secondary re-formation as a free appendage, an unlikely interpretation from a morphological point of view.
Regardless, our data suggest a simplification of the aedeagus in the ancestor of the L. piceus group, with the fusion of the base of the left paramere (completely fused in the derived L. sinuatus and L. utahensis Perkins) and the absence of any additional appendages (Fig. 16) . The species of the L. piceus group have no free appendages other than the apex of the left paramere, and the median lobe has only some folds that somewhat resemble those of the species of the L. parvulus group. However, we found no support for a relationship between these two lineages in our phylogeny.
An increase in complexity occurs in the lineage leading to the L. parvulus group, with folds in the median lobe, and with the formation of an additional appendage of uncertain homology on the right side of the aedeagus, which could correspond to the remnants of the right paramere (see above). The basal capsule is well developed and sclerotized in all species, and separated from the continuation of the median lobe by a constriction. These characters of the basal capsule are probably autapomorphies of the L. parvulus group. The species of the L. parvulus subgroup developed a highly complex adeagus, with a strongly curved median lobe and appendages with fan-like setae (Fig. 4) . Within the subgroup there are two independent instances of development of subdivisions of the main appendage, in the lineage leading to L. doderoi and L. furcatus and in the one leading to L. papposus and related species (Fig. 16) .
The L. gracilipes group is the most diverse in body size and evolution of genital complexity, with the smallest of the species of Limnebius s.s. (L. cordobanus) and some unusual combinations of the presence of ventral and dorsal appendages: they include the only species with a2 but no a3, and the reverse, a3 present but not a2 (see above and Table S1 ). In the species with ventral appendages but lacking those on the dorsal side (L. canariensis and L. gracilipes, both endemic to the Canary Islands and with very similar aedeagus morphology, Fig. S2:70,73) , the main ventral appendage a1 is well developed and placed on the central part of the median lobe, originating in the base of the left paramere. Both species share a particular hook-shape of the apex of the left paramere, and the same general structure of the additional appendages. Within the same group, L. fallaciosus has a well-developed dorsal and main ventral appendages (a3 and a1), but no secondary ventral appendage (a2) (Table S1, Fig. S2:72) .
Our reconstruction suggests that L. cordobanus experienced a size reduction of the entire body and the genitalia, and also a reduction of the number and complexity of the appendages of the aedeagus (Fig. 5) . Only the main ventral appendage a1 is present and other folds or structures of the median lobe are missing. As a result, the aedeagus is very similar to that of other species within the L. nitidus subgroup (e.g. L. corfidius d'Orchymont or L. corybus d'Orchymont, Fig. S2 :100,101), although with a more complex apex of the median lobe. To ensure that the unexpected phylogenetic position of L. cordobanus was not caused by sequencing errors, we included a second specimen, which, although with considerable intraspecific variation, confirmed its sister relationship with L. gracilipes and related species. There are also some characters of the aedeagus that indicate that the resemblance with some species of the L. nitidus group may be homoplasic, with a similar reduction of the left paramere and a basal fusion with the median lobe. Thus, contrary to the studied species of the L. nitidus group, the main ventral appendage is straight and strictly ventral (with a more lateral position in the species of the L. nitidus group); has a simple internal structure, with fewer channels and no perforated structure (see above); and has a very short free base placed in a more apical position (Fig. 5:8,9 ). The area of the median lobe facing the basal part of a1 has a thinner cuticle (Fig. 5:8,9) , similar to what hap- Figure 16 . Reconstruction of the total number of appendages in BEAST, using a Brownian model of evolution. Numbers at nodes are the integer interval of the quantitative values reconstructed, with values with a probability below c. 0.3 in parentheses. pens in the L. parvulus group. The opening of the flagellum, very apical and without any setae, is also different from that typical of the species of the L. nitidus subgroup (Fig. 5:4) . The well-developed basal capsule, with a strongly coiled flagellum, is also more similar to those of the species of the L. parvulus than those of the L. nitidus group.
The lack of resolution within the L. nitidus group prevented the detailed reconstruction of the structural complexity of their aedeagus. The L. punctatus, L. nitiduloides and L. truncatellus subgroups share the presence of several additional appendages and secondary sexual characters in the male sternite VIII (J€ ach, 1993) . However, our reconstructed topology (Fig. 3) suggests that they are paraphyletic with respect to the L. nitidus subgroup. This would imply a single origin of the increase in complexity, but a secondary loss in the L. nitidus subgroup, also correlated with a size reduction (see above). However, the three subgroups with more complex aedeagus were placed as monophyletic in the alternative topology in Figure 16 , although also with negligible node support. If this were the case, a single origin of a complex aedeagus in the three groups would still be possible. In this case, the less complex condition in the L. nitidus subgroup (with the inclusion of the only studied species of the L. mundus group, L. murentius) would be plesiomorphic.
The L. nitiduloides subgroup includes the species with the largest and most complex male genitalia, all of them with three additional appendages, which in some species may be longer than the median lobe (e.g. a2 in L. fretalis, Fig. 7 ; or a3 in L. nitiduloides, Fig. 8) . Two of the well-supported clades within the subgroup (those including respectively L. spinosus and L. nitiduloides, Figs 3, 16) have ramifications of the ventral appendages or the median lobe, while in the third clade (including L. fretalis) species have a simpler apical part of the median lobe, without ramifications of the ventral appendages. The relationships between these three clades were, however, not well supported. Therefore, an assessment of the homology of these modifications is not possible.
The L. nitidus subgroup includes a series of isolated species with a simple aedeagus and poorly resolved relationships among them, plus the L. nitidus complex, with a peculiar a1, long and with a more lateral position (Figs 2b, 10) (the 'pseudoparamere ' of J€ ach, 1993) . The secondary simplification of the aedeagus reaches its maximum in L. hieronymi, lacking any apical setae on the median lobe or any other structures on the apical part, present in most species of Limnebius s.s. (Vorst, 2006; Fig. S2:104) .
The L. nitidus complex includes 11 species with a very similar structure of the aedeagus, with a flat middle region of the median lobe but a complex apical part (Fresneda & Ribera, 1998) . The opening of the flagellum, which is small and lacks setae or other specific structures, is located basal to the complex structures of the apical region of the median lobe ( Fig. 10:6) .
The species of the L. nitidus complex are of very recent origin, probably in the middle to late Pleistocene, and in our phylogeny their relationships were poorly resolved. A tentative phylogenetic arrangement was proposed in Fresneda & Ribera (1998) , based mostly on the structure of the apex of the median lobe. This was only partly supported by our phylogeny. The position of L. montanus as sister to the rest of the species of the group (except for L. nitifarus, for which no molecular data were available) is compatible with our results. However, we found it sister to L. nitidus (Fig. 3) , which in Fresneda & Ribera (1998) was assumed to be more closely related to the other Iberian species of the complex.
CONCLUDING REMARKS
Characterization of the male insect genitalia is of great relevance for the study of sexual selection and speciation, but there are few works including old, diverse lineages with a diversity of genital structures comparable to that found in Limnebius. We have shown that the genus includes two main clades, considered here to be subgenera (Bilimneus and Limnebius s.s.), with contrasting evolution of the body size and aedeagus. In Bilimneus there was probably a simplification of the genital structure, with a very limited variation among the extant species in body and genital size and in the shape of the aedeagus. By contrast, in Limnebius s.s. some lineages have independently developed extremely complex genitalia, sometimes associated with a considerable increase in size. But other lineages within Limnebius s.s. have maintained the ancestral, simpler genital structure, or have developed it secondarily. The contrasting evolution of the aedeagus between the two subgenera of Limnebius points strongly to the existence of different selection forces acting on them, study of which could provide valuable insights into the origin of their extraordinary genital variation. support in doing the histological sections in the Phyletisches Museum (Jena). We also thank Ana Izquierdo, Roc ıo Alonso and Anabela Cardoso for laboratory work, and two anonymous referees for useful comments to the manuscript. This work was partly funded by a JAE PhD studentship (CSIC) to AR, and projects from the Spanish Government (Ministerio de Econom ıa y Competitividad) CGL 2010-15755 and CGL2013-48950-C2-1-P and a Salvador de Madariaga stage (PRX14/00583) to IR.
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